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Environmentally benign and easily recoverable magnetite nanoparticles (Fe
3
O
4
NPs) were demonstrated to catalyze the one-pot
conversion of cellobiose, a glucose disaccharide, to 5-hydroxymethylfurfural (5-HMF).The conversionwas achieved in water under
hydrothermal conditions. The catalytic activity of Fe
3
O
4
NPs surpassed those of iron (II) and iron (III) chlorides in this reaction.
Optimized cellobiose conversion reactions catalyzed with Fe
3
O
4
NPs gave the highest 5-HMF yields of 23.4 ± 0.6% at 160∘C for
24 hours. After three reuses, the Fe
3
O
4
NP catalyst retained its catalytic activity with similar 5-HMF yields, demonstrating the
recyclability of this eco-friendly catalyst in water.
1. Introduction
Magnetite nanoparticles (Fe
3
O
4
NPs) have been extensively
applied in various technological areas such as bioseparation,
target drug delivery, immunoassays, and magnetic resonance
imaging because of their magnetic properties, nanosize, and
high surface-area-to-volume ratio [1–3]. In the past couple
of years, Fe
3
O
4
NPs have been widely studied as catalysts
[4] and catalyst supports [5, 6] for heterogeneous catalysis.
For example, Fe
3
O
4
NPswere demonstrated to independently
catalyze Fenton’s reaction [7]. Owing to their nanosize, large
surface area, and basic sites on their surfaces, Fe
3
O
4
NPswere
also demonstrated to catalyze ozonation of parachloroben-
zoic acid [8].
Recently, catalysts composed of active functional groups
immobilized on Fe
3
O
4
NPs have been widely studied for the
catalytic production of industrial chemical precursors from
renewable resources because of the ease of retrieving Fe
3
O
4
NPs using magnetic methods [9, 10]. Particularly, these cata-
lysts composed of magnetic cores are fast emerging as viable
alternatives to homogeneous catalysts in biomass processing
[11, 12] as well as for the synthesis of platform chemicals such
as 5-ethoxymethylfurfural [13], 2,5-furandicarboxylic acid
[14], and 5-hydroxymethylfurfural (5-HMF) [15] in the pre-
sence of organic solvents from sustainable biomass.
With an estimated current global market of about 100
tonnes per year [16], 5-HMF has been recognized as one
promising renewable platform chemical because it can serve
as a carbon neutral feedstock for over a dozen important
industrial biopolymer and biofuel precursors [17, 18]. Most
early bench scale efforts to produce 5-HMF focused on using
fructose as a starting material due to its ease of dehydration
to 5-HMF with Brønsted acid catalysts or metal salts in
the presence of biphasic systems of organic solvents and
ionic liquids [19–25]. Recently, there have also been intense
research efforts to directly produce 5-HMF from cellulose,
the most abundant plant-based polymer of glucose on Earth
[26, 27].The use of cellulose as a startingmaterial is attractive
because of its comparatively low cost and large natural abun-
dance [28]. In this case, the formation of 5-HMF typically
involves the breaking of the 𝛽-(1,4)-glycosidic bonds linking
the glucosemonomers in cellulose, followed by isomerization
of glucose to fructose and then dehydration of fructose to
5-HMF [29, 30]. Though acids and metal salts have been
successfully shown to catalyze the conversions of fructose and
cellulose into 5-HMF in biphasic media, the application of
voluminous amounts of homogeneous acids is not industri-
ally viable because these acids can corrode reactors [23, 31].
Also, the recovery of the homogeneous metal salt catalysts
is difficult. Diverse heterogeneous materials ranging from
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acidic polymers and traditional metal oxides to phosphate
catalysts appliedwith organic solvents have also been demon-
strated for 5-HMF synthesis [23]. Nevertheless, organic
solvents are environmentally toxic. Hence, designing cost
effective heterogeneous catalysts for use in reactions where
water is the sole solvent is a significant next step for sus-
tainable production of 5-HMF [32].
Herein, we report our study of Fe
3
O
4
NP catalyst for the
one-pot conversion of cellobiose to 5-HMF in aqueousmedia
under hydrothermal conditions. To the best of our knowl-
edge, the application of environmentally safe, easily recov-
erable Fe
3
O
4
NPs as catalysts for the production of 5-HMF
in aqueous media has not yet been reported. Cellobiose, the
smallest repeating disaccharide unit of cellulose, was used as a
model feedstock to investigate the effectiveness of Fe
3
O
4
NPs
at breaking the 𝛽-(1,4)-glycosidic bond between the glucose
units and the formation of 5-HMF from it. Cellulose was not
investigated in our current study since its breakdown in an
aqueous medium is known to be difficult due to its hydrogen
bonding network. The catalytic activity of Fe
3
O
4
NP catalyst
on 5-HMF production was evaluated and compared with
those of common iron chloride salts. The reusability of these
Fe
3
O
4
NPs was examined by multiple recycling experiments.
The effect of Fe
3
O
4
NPs on the dehydration of glucose
and fructose was investigated to elucidate the potential
mechanism for the conversion of cellobiose to 5-HMF.
2. Materials and Methods
2.1. Materials. D-Fructose (99%), D-glucose, 5-hydrox-
ymethylfurfural (5-HMF) (99%), iron (II) chloride tetrahy-
drate (FeCl
2
⋅4H
2
O, 98%), iron (III) chloride hexahydrate
(FeCl
3
⋅6H
2
O, ACS reagent grade), and sulfuric acid (H
2
SO
4
,
99.999%, HPLC grade) were purchased from Sigma-Aldrich
(St. Louis, MO). D-Cellobiose (98+%) was obtained from
Alfa Aesar (Ward Hill, MA). Ammonium hydroxide
(NH
3
⋅H
2
O, Certified ACS Plus) was purchased from Fischer
Scientific (Waltham, MA). All purchased chemicals were
used as received. 18MΩ⋅cm deionized water was generated
using a Synergy filtration system (VWR, Radnor, PA).
2.2. Synthesis and Characterization of Fe3O4 NPs. Fe3O4 NPs
were synthesized using a reported coprecipitation technique
in an alkaline solution [33]. Briefly, 11.7 g of FeCl
3
⋅6H
2
O
and 4.3 g of FeCl
2
⋅4H
2
O were slowly dissolved in 250mL of
deionized water under nitrogen atmosphere while being vig-
orously stirred at room temperature. 50mL of 28%NH
3
⋅H
2
O
was added dropwise to the reaction mixture which was then
stirred for 2 hours. Black particles formed in the reaction
were separated using a magnet and thoroughly washed with
deionized water three times. The products were left to dry
under ambient conditions overnight before use.
Themorphology of the as-prepared Fe
3
O
4
NPswas exam-
ined by transmission electron microscopy (TEM) using a
Hitachi H7500 TEM operated at 80 kV. The crystal struc-
ture of as-synthesized Fe
3
O
4
NPs and recycled Fe
3
O
4
NPs
was examined using a PANalytical Empyrean diffractometer
(PANalytical,Westborough,MA).TheX-ray sourcewas oper-
ated at 45 kV and 40mA current to generate Cu K𝛼 X-ray
with an average wavelength of 1.544 A˚. The surface area of
Fe
3
O
4
NPs was determined by the Brunauer-Emmett-Teller
(BET) method using an ASAP 2020 Analyzer (Micromeritics
Instrument Corporation, Norcross, GA) and nitrogen.
2.3. Catalytic Reactions with Fe3O4 NPs and Iron-Based Salts.
Experiments for the conversion reactions were carried out
in Teflon-lined stainless steel autoclave Parr vessels (Vessel
number 4744, Parr Instrument, Moline, IL). In a typical
experiment, 0.02 g of the iron-based catalyst was added to
10mL of a 50mM cellobiose aqueous solution in a Teflon
liner. The assembled stainless steel autoclave was heated at
160∘C and maintained at this temperature for 24 hours. After
the autoclave was cooled to room temperature, the identities
and concentrations of products were analyzed by high pres-
sure liquid chromatography (HPLC). Control experiments
were conducted without the catalysts. The experiments were
performed in triplicate. Experiments were repeated with
glucose and fructose as the carbon source reactants under the
same reaction conditions. The product yields were reported
as average values from the triplicates and the uncertainty of
these values was estimated as the standard deviation of the
mean.Note that we had also studied the cellobiose conversion
reactions at various reaction temperatures ranging from
140∘C to 180∘C and with various reaction times from 12
hours to 72 hours. Only yield data of reactions at 160∘C and
with reaction time of 24 hours were reported because this
condition gave the best product yields for the cellobiose con-
version to 5-HMF.
2.4. HPLC Analysis. The products from the cellobiose con-
version experiments were analyzed by HPLC using a method
developed at theNational Renewable Energy Laboratory [34].
Before each HPLC analysis, the product mixtures from the
experiments were first centrifuged and then filtered through a
0.2 𝜇m polytetrafluoroethylene syringe filter (VWR, Radnor,
PA) to remove any solid catalysts. The identification and
quantification of products in the filtrates were performed
on an Aminex HPX-87H column (Bio-Rad Laboratories,
Inc., Hercules, CA) equipped with a Waters 410 Differential
Refractometer (Waters,Milford,MA). 5mMsulfuric acidwas
used as the mobile phase at a flow rate of 0.6mL/min. The
column and the detector were maintained at 55∘C and 35∘C,
respectively. Samples of cellobiose, glucose, fructose, and 5-
HMF in water were prepared and used as standards to obtain
the calibration curves for the quantification of these chem-
icals in the reaction products. The identifications of acetic
acid, formic acid, levulinic acid, lactic acid, hydroxyacetone,
and 1,6-anhydroglucose were also determined by HPLC.The
formation of fructose was confirmed by HPLC analysis using
an Alltech Alltima amino 100A column (Grace, Columbia,
MD) at Microbac Laboratories, Inc. (Boulder, CO).
The calculations for conversion of cellobiose to 5-HMF
and conversion of glucose to 5-HMF were performed using
the following formulae:
Cellobiose conversion (%)
=
[Cellobiose]I − [Cellobiose]F
[Cellobiose]I
× 100%,
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Glucose yield from cellobiose (%)
=
[Glucose]F
[Cellobiose]I × 2
× 100%,
Fructose yield from cellobiose (%)
=
[Fructose]F
[Cellobiose]I × 2
× 100%,
5-HMF yield from cellobiose (%)
=
[5-HMF]F
[Cellobiose]I × 2
× 100%,
Glucose conversion (%)
=
[Glucose]I − [Glucose]F
[Glucose]I
× 100%,
5-HMF yield from glucose (%) = [
5-HMF]F
[Glucose]I
× 100%,
(1)
where subscripts I and F represent the initial and final con-
centrations of cellobiose (glucose, fructose, or 5-HMF). The
calculations and formulae for fructose conversion and corre-
sponding 5-HMF yield were similar to those for the reactions
with glucose as the precursor.
3. Results and Discussion
3.1. Physical and Structural Characterization of Fe3O4 NPs.
Fe
3
O
4
NPs were synthesized using a coprecipitation method
to yield a black product. TEM images of the as-synthesized
Fe
3
O
4
NPs showed that their sizes ranged from 10 nm to
30 nm (Figure 1). The XRD pattern of these Fe
3
O
4
NPs
matched that of Fe
3
O
4
when indexed according to the ICDD
data card # 01-089-4319, confirming the identity of the NPs
(Figure 2). From BET measurements, the surface area of the
Fe
3
O
4
NPs was found to be 72.4m2/g.
3.2. Catalytic Activities of Iron-Based Catalysts on the Conver-
sion of Cellobiose to 5-HMF. Common divalent and trivalent
iron salts (FeCl
2
, FeCl
3
) have been utilized for the breakdown
of hemicellulose and cellulose as well as for 5-HMF synthesis
because of their strong Lewis acidity and basicity [35–37]. In
order to compare the catalytic performance of the heteroge-
neous and homogeneous iron-based systems, the conversion
of cellobiose to 5-HMF was evaluated in the presence of
Fe
3
O
4
NPs, FeCl
2
, and FeCl
3
(Figure 3(a)). The conversion
reaction was performed using the optimized reaction param-
eters of 160∘C for 24 hours under hydrothermal conditions.
Cellulose is known to undergo near complete conversion
under hydrothermal conditions to form numerous degrada-
tion products [38, 39]. For our experiments under hydrother-
mal conditions, cellobiose conversion of ∼99% was obtained
irrespective of the presence or the absence of the catalyst. Cel-
lobiose was postulated to undergo hydrolysis to form glucose
which further reversibly isomerized to fructose and some
100nm
Figure 1: TEM image of Fe
3
O
4
NPs.
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Figure 2: XRD pattern of Fe
3
O
4
NPs.
unstable reaction intermediates. 5-HMFwas finally formed as
a consequence of the dehydration of fructose [30, 31, 40, 41].
Reactions with Fe
3
O
4
NPs produced the highest 5-HMF
yield of 23.4 ± 0.6% while that with control experiment with
no catalysts gave merely 10.8 ± 0.6%, suggesting unquestion-
able influence of the NPs in these reactions. Additionally, the
iron salts underperformed in the 5-HMF yields as compared
to Fe
3
O
4
NPs.This indicates that both iron (II) and iron (III)
ions are not effective in predominantly converting cellobiose
to 5-HMF. Using these results, we conclude that any poten-
tially leached iron ions from Fe
3
O
4
NPs are not expected to
have significant effect on the product yields. Also, hydrolysis
of iron salts in an aqueous medium can lead to the formation
of iron complexes and acids which are known to increase side
products formation, leading to a decline in the 5-HMF yields
[42]. Hence, the high 5-HMF yields obtained with the Fe
3
O
4
NPs are mainly resulting frommagnetite as the catalyst. Glu-
cose and fructose were identified as the major by-products of
this reaction (Figure 3(b)).Wenote that the reversible glucose
to fructose isomerization was also improved wherein higher
fructose yields were obtained with Fe
3
O
4
NPs (3.1 ± 0.3%)
as opposed to when FeCl
2
(0.9 ± 0.1%) or FeCl
3
(0.3 ± 0.1%)
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Figure 3: Effect of Fe
3
O
4
NPs and iron chloride salts on the conversion of cellobiose to (a) 5-HMF and (b) glucose and fructose. Reaction
condition: 10mL of 50mM cellobiose solution and 0.02 g catalyst at 160∘C for 24 hours. The yields of other side products such as polymeric
humins and organic acids are not included in the charts.
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Figure 4: (a) Catalyst recycling experiments with Fe
3
O
4
NPs. Reaction condition: 10mL of 50mM cellobiose solution and 0.02 g Fe
3
O
4
NPs
at 160∘C for 24 hours. (b) Comparison of XRD patterns of Fe
3
O
4
NPs before and after two recycling runs.
was used. Acids and polymeric humins constituted almost all
remaining fractions of the converted cellobiose.
3.3. Recycling of Fe3O4 NP Catalyst. Fe3O4 NPswere found to
be not only catalytically active for this conversion reaction but
also easily separable from the liquid products. We evaluated
the recyclability of this Fe
3
O
4
NPcatalyst by performing three
successive runs with recovered catalysts. After each reaction
run, the catalyst was removed from the reaction solution by
magneticmeans andwashedwith deionizedwater four times.
The retrieved catalyst was dried at 80∘C for an hour in air
and thenwas reused in a follow-up reaction run.The catalytic
activity of Fe
3
O
4
NPs was mostly retained after the recycling
runs (Figure 4(a)). However, likely due to the deposition of
the reaction by-products such as polymeric humins on the
catalyst surface [43], the recycled catalysts became slightly
less active after each recycle run and the 5-HMF yields of
reactions conducted with the recycled Fe
3
O
4
NPs decreased
by 1–3% after each recycle run.Nonetheless, theXRDpatterns
of the Fe
3
O
4
NPs after each recycling run remained similar
to that before the reaction (Figure 4(b)).This result indicated
that Fe
3
O
4
of the NP catalyst did not exhibit detectable
changes into other forms of iron oxides and remained as the
active component in these recycle run experiments.
3.4. Effect of Fe3O4 NP Catalyst on the Conversion of Glucose
and Fructose to 5-HMF. Currently, 5-HMF is industrially
prepared from fructose instead of the relatively cheap and
abundant glucose [16]. In order to convert glucose to 5-HMF,
glucose must first be isomerized to fructose by an additional
catalyst [44]. This additional step increases the overall man-
ufacturing costs through this reaction scheme. Since both
glucose and fructose are identifiable intermediate products
in the conversion of cellobiose, we further investigated the
effect of applying Fe
3
O
4
NP catalyst to directly dehydrate
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Figure 5: Overall proposed reaction schemes for the conversion of cellobiose to 5-HMF and major side products with Fe
3
O
4
NP catalyst.
Side products from glucose and fructose degradation are not shown in the scheme.
glucose and fructose to 5-HMF at 160∘C for 24 hours under
hydrothermal conditions.
From our experimental results, glucose was found to
achieve <90% conversion, but fructose was found to achieve
>99% conversion irrespective of the presence or absence of
the Fe
3
O
4
NP catalyst (Tables 1 and 2). Among common
monosaccharides, the ability of fructose to undergo complete
conversion under acidic and aqueous conditions is well
known [15]. Thus, our observed results can be attributed to
the relative higher stability of glucose’s ring structure, which
not only lowers the fraction of open chain forms, but also
reduces the rate of formation of enol, a key intermediate in the
isomerization reaction to form fructose [45]. Similarly, with
Fe
3
O
4
NPs, glucose to fructose isomerization was enhanced
when glucose was used as the starting reagent. Under subcrit-
ical water conditions, the reaction temperature is known to
directly influence the reaction rate [46]. Hence, the difference
in the reaction rates of these two monosaccharides likely
caused the variation in the 5-HMF yield at the evaluated
temperature. Though reactions with glucose at 160∘C led to
a maximum 5-HMF yield (23.6 ± 0.5%), the corresponding
5-HMF produced from fructose degraded further to by-
products at the same evaluated reaction temperature, result-
ing in an overall lower 5-HMF yield (17.3 ± 0.5%). Never-
theless, the influence of Fe
3
O
4
NPs on the conversion of both
monosaccharides to 5-HMF was still significant because the
product yields were at least two times larger than those of the
control experiments (Tables 1 and 2).
3.5. Reaction Mechanism of the Conversion of Cellobiose to
5-HMF Using Fe3O4 NP Catalysts. Through examining the
presence of various reaction products, we postulated that the
hydrothermal conversion of cellobiose to 5-HMF with the
Fe
3
O
4
NP catalyst primarily followed a common reaction
scheme for the conversion of oligosaccharides to 5-HMF and
Table 1: Effect of Fe
3
O
4
NPs on glucose conversion to 5-HMF. Reac-
tion condition: 10mL of 100mM glucose solution and 0.02 g Fe
3
O
4
NPs at 160∘C for 24 hours.
Catalyst
Glucose
conversion
(%)
Fructose yield (%) 5-HMF yield (%)
No catalyst 46.4 ± 2.2 <1 11.9 ± 0.7
Fe
3
O
4
NPs 89.2 ± 0.1 2.6 ± 0.2 23.6 ± 0.5
Table 2: Effect of Fe
3
O
4
NPs on fructose conversion to 5-
HMF. Reaction conditions: 10mL of 100mM fructose solution and
0.02 g Fe
3
O
4
NPs at 160∘C for 24 hours.
Catalyst
Fructose
conversion
(%)
Glucose yield (%) 5-HMF yield (%)
No catalyst >99 <1 8.9 ± 0.1
Fe
3
O
4
NPs >99 <1 17.3 ± 0.5
side products (Figure 5). In our case, cellobiose was pro-
posed to first undergo hydrolysis to form glucose. Under the
hydrothermal condition, glucose then underwent the reversi-
ble isomerization (or the Lobry de Bruyn-Alberda van Eken-
stein (LBAE) transformation) [40, 46, 47] to fructose and
other ring-opened unstable intermediates which eventually
dehydrated to 5-HMF [45, 48]. This was supported by the
HPLC data which showed the presence of both glucose and
fructose among the reaction products.The unstable interme-
diates, however, could not be isolated from the reaction mix-
ture. Bifunctional metal oxides such as titania which contain
both Lewis acid and base sites are known to improve glucose
to fructose isomerization alongwith 5-HMFproduction [30].
The improvements in 5-HMF yields and glucose to fructose
6 Journal of Nanomaterials
isomerization in our case can similarly be attributed to the
amphoteric nature of Fe
3
O
4
[49].
In addition, acid by-products including formic acid,
levulinic acid, lactic acid, acetic acid (<11.1%), and other side
products such as hydroxyacetone and 1,6-anhydroglucose
were identified in minute amounts (<1.5%) by HPLC. The
presence of these acid by-products corroborated well the
decrease in the pH of the reaction mixture from ca. 6 to ca. 3
after the reaction.The presence of these acids was not surpris-
ing because, in an aqueous, acidic medium, 5-HMF can be
rehydrated to form levulinic and formic acid [50]. Acetic acid
and lactic acid, potential retroaldol reaction products of glu-
cose, were also detected by HPLC [51]. Hydroxyacetone and
1,6-anhydroglucose are known to be degradation products
of fructose [46] and glucose [48], respectively. The color of
the reaction products was always observed to attain different
shades of brown, suggesting the formation of humins, insolu-
ble polymers formed from5-HMF [50]. Further, Lewis acidity
was enhanced in iron oxide NPs because of the high degree
of Fe-coordinative unsaturation in the oxide which improved
their overall activity for isomerization reactions [52].
4. Conclusion
Magnetite nanoparticles (Fe
3
O
4
NPs) were demonstrated to
be effective catalysts at converting cellobiose to 5-HMF in
an aqueous medium under hydrothermal conditions. The
highest 5-HMF yields of 23.4 ± 0.6% were obtained at 160∘C
for 24 hours of reaction time and at a catalyst loading of
just 0.02 g. This catalyst outperformed common iron salts
(FeCl
2
and FeCl
3
) of equal loading in producing 5-HMF in
this reaction. Since Fe
3
O
4
NPs can be easily separable using
magnetic methods and are demonstrated to be recyclable for
this reaction, these environmentally friendly catalysts have
excellent potential to be used for dehydrating both fructose
and recalcitrant glucose to 5-HMF with comparable yields
upon further optimized studies.
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